Recent research has quantified the contributions of CO 2 and CH 4 emissions traced to the products of major fossil fuel companies and cement manufacturers to global atmospheric CO 2 , surface temperature, and sea level rise. This work has informed societal considerations of the climate responsibilities of these major industrial carbon producers. Here, we extend this work to historical (1880-2015) and recent acidification of the world's ocean. Using an energy balance carbon-cycle model, we find that emissions traced to the 88 largest industrial carbon producers from 1880-2015 and 1965-2015 have contributed ∼55% and ∼51%, respectively, of the historical 1880-2015 decline in surface ocean pH. As ocean acidification is not spatially uniform, we employ a three-dimensional ocean model and identify five marine regions with large declines in surface water pH and aragonite saturation state over similar historical (average 1850-1859 to average [2000][2001][2002][2003][2004][2005][2006][2007][2008][2009] and recent (average 1960-1969 to average of 2000-2009) time periods. We characterize the biological and socioeconomic systems in these regions facing loss and damage from ocean acidification in the context of climate change and other stressors. Such analysis can inform societal consideration of carbon producer responsibility for current and near-term risks of further loss and damage to human communities dependent on marine ecosystems and fisheries vulnerable to ocean acidification.
Introduction
The question of responsibility for climate change is central to the consideration of societal obligations to address the problem. International climate policy frameworks focus on the climate responsibilities of nations. Article 2.2 of the Paris Agreement sets forth that the terms of the Agreement will be implemented by nations that are Parties to it, 'to reflect equity and the principle of common but differentiated responsibilities and respective capabilities. ' (United Nations 2015) .
Climate responsibilities extend well beyond national governments. Sub-national governments, corporations, utilities, and individuals often see themselves, and are viewed by others, as having obligations to address climate change. Societal perceptions that fossil fuel companies bear distinctive climate responsibilities are reflected in the emergence of divestment campaigns (Stephens et al 2018) , shareholder resolutions seeking alignment of company practices with the Paris Agreement (Fugere and Behar 2018, Millar et al 2018) , and litigation. In 2017 and 2018, for example, more than a dozen US cities and counties and the state of Rhode Island filed suit against several investor-owned fossil fuel companies seeking to hold them liable for their contributions to the harms from sea level rise and increasingly extreme weather that climate change is imposing on local communities (Hasemyer 2018). In 2018, the Pacific Coast Federation of Fishermen's Association filed suit against fossil fuel companies for harms from the ocean warming linked with a buildup of domoic acid in Dungeness crabs at levels toxic for human consumption (Bond et al 2015 , Zhu et al 2017 , Hulac 2018 .
Societal consideration of the climate responsibilities of fossil fuel companies can also be informed by scholarly research. Recent studies have documented that the fossil fuel industry was broadly aware of the climate risks of their products since at least the mid-1960s (Franta 2018 , and that some companies sought to publicly discredit climate science and known climate risks (Frumhoff et al 2015, Supran and Oreskes 2017) while taking steps to protect company assets from these risks.
Recent research has also quantified the large contribution of fossil fuel company-traced emissions to the problem. Heede (2014) found that nearly twothirds of all industrial carbon dioxide (CO 2 ) and methane (CH 4 ) emissions between 1880 and 2010 can be traced to the products of 83 large producers of coal, oil, and natural gas, and 7 cement manufacturers. Incorporating Heede's (2014) database into a simple climate model, Ekwurzel et al (2017) found that between 1880 and 2010, emissions traced to these 90 largest industrial carbon producers contributed ∼57% of the rise in atmospheric CO 2 , 42%-50% of the rise in global mean surface temperature, and approximately 26%-32% of the rise in global sea level.
Here, we quantify the contribution of CO 2 emissions traced to major industrial carbon producers to global-scale ocean acidification. This may inform societal consideration of carbon producer responsibility for loss and damage to human communities dependent upon marine ecosystems and fisheries vulnerable to ocean acidification. We examine the effects of these emissions on global ocean surface water pH over two time-periods: 1880-2015, the historical period with robust emission data available (Heede 2014, supplementary material table 7 is available online at stacks. iop.org/ERL/14/124060/mmedia), and a more recent period of 1965-2015, roughly consistent with the period when major fossil fuel companies were increasingly aware that continued emissions from the use of their products posed significant climate risks (Franta 2018).
Ocean acidification resulting from rising atmospheric CO 2 is already having and is expected to have further fundamental and substantial impacts on a wide variety of marine organisms, including ecosystems and fisheries with significant economic and cultural value (Cooley and Doney 2009 , Doney et al 2009 , Feely et al 2009 , Gattuso et al 2015 , Hoegh-Guldberg et al 2019 . Oceanic surface waters currently absorb approximately one quarter of the additional carbon dioxide introduced to the atmosphere by anthropogenic emissions, increasing the partial pressure of carbon dioxide in surface waters (Doney et al 2014 , Gruber et al 2019 . Over a recent decade (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) , the ocean absorbed approximately 2.4 +/−0.5 GtCyr −1 (Le Quéré et al 2018). A series of chemical reactions leads to a higher concentration of hydrogen and bicarbonate ions, and a lower concentration of carbonate ions, which together result in reduced pH and carbonate mineral saturation states Wolf-Gladrow 2001, Feely et al 2004) .
The ocean is now acidifying at a rate unparalleled in the last 66 million years (Zeebe et al 2016) ; since preindustrial times, ocean surface water pH has decreased on average by about 0.1 pH units, an increase in acidity of ∼26%. The saturation state of aragonite, an indicator of ocean acidification, has decreased on average by ∼0.5, or ∼17%, with substantial latitudinal variations (Feely et al 2009 , IPCC 2014 . As documented previously (e.g. Feely et al 2009), ocean acidification is not spatially uniform: regional ocean acidification signals reflect a combination of air-sea gas exchange and ocean circulation patterns along with temperature dependence on seawater CO 2 thermodynamics, which lead to differences between pH and aragonite saturation state responses.
Marine species and ecosystems that benefit people have already been harmed by ocean acidification. Laboratory studies have shown that CO 2 -driven acidification decreases calcification among mollusks, crustaceans, stony corals, and coralline algae, reduces the survival of juvenile mollusks and crustaceans (Kroeker et al 2013 , Bednaršek et al 2016 , and decreases reproductive success for many species, including corals (Albright et al 2010) . Oyster hatcheries in the United States have experienced heightened larval shellfish mortality due to acidification (Barton et al 2015 (Barton et al , 2012 , depressing industry revenues in the Pacific Northwest and endangering over 3000 jobs in Washington state during the mid-2000s. After investments in adaptation measures, the industry has largely recovered. Ocean acidification also alters the development and behavior of many finfish (e.g. clownfish, dusky sharks, rockfish, summer flounder) in laboratory studies (Munday et al 2009 , Chambers et al 2013 , Hamilton et al 2014 , Dixson et al 2015 .
The impacts of ocean acidification (Pershing et al 2018) take place in the context of other changes to the ocean's physical and chemical properties that are tied to carbon emissions. These include changes to sea surface temperatures, salinity, oxygen levels, and circulation patterns (Bindoff et al 2013 , Hill et al 2015 , Ekwurzel et al 2017 . As the ocean has acidified, it has also absorbed most of the excess heat produced through global warming, increasing sea surface temperatures by ∼0.9°C above pre-industrial levels (IPCC 2018). The Great Barrier Reef and other warmwater coral reef ecosystems, for example, are already being harmed by a combination of warming and acidification (Albright et al 2016 , IPCC 2018 . Natural variability combined with warming ocean waters means high temperature events are more frequently surpassing thresholds harmful to corals, leading to greater coral bleaching and death (Eakin et al 2018). At the same time, acidification is decreasing the ability of corals to recover because it is decreasing their net growth rate Key 1975, Albright et al 2018) .
In field settings, further research is often required to disentangle the ecological and socioeconomic impacts of ocean acidification from those of other consequences of carbon emissions.
Other, non-climate change-related environmental stressors, including nutrient pollution (Breitberg et al 2015) , and human use and disturbance of marine systems also interact with ocean acidification, frequently in additive and synergistic ways (e.g. Mullan Crain et al 2008) . For example, the combined effects of acidification from atmospheric CO 2 , mixing, and respiration in an urbanized estuary significantly contributed to increased acidity and decreased carbonate mineral saturation state (Feely et al 2010). Likewise, acidification combined with erosion has substantially altered seafloor elevation and topography, intensifying risk from storm waves for coastal regions (Yates et al 2017).
Methods

Global ocean pH
We examined the changes in global ocean surface pH attributable to emissions traced to the 88 largest carbon producers with an energy-balance carbon cycle model approach over historical and more recent Here, we examine the same forcing as Ekwurzel et al (2017) for the periods 1880-2015 and 1965-2015 under a range of sensitivity tests (i.e. with and without inclusion of historical aerosols from fossil fuel combustion and under different transient climate response, climate sensitivity and other parameters (see supplementary information tables 1-6). This is possible with the updated database (see supplementary information table 7) of emissions attributed to the largest carbon producers that includes both operational emissions and product-related emissions for each entity, following the methodology in Heede (2014). The update includes mergers and acquisitions (the acquired company's attributed emissions are shifted to the acquiring entity, thus explaining the lower number of large carbon producers considered here than in Ekwurzel et al 2017), with updated activity data through 2015.
Averaged over the global ocean, trends in surface water pH are tightly coupled to atmospheric CO 2 trends, reflecting relatively rapid air-sea CO 2 equilibration and seawater CO 2 system thermodynamics. Following the National Academies of Sciences, Engineering and Medicine (2017) appendix F, we calculate the global average surface ocean pH as follows:
whereby pH is on the total hydrogen ion scale and CO 2 partial pressure (pCO 2 ) is in micro-atmospheres. Further following the National Academies of Sciences, Engineering and Medicine (2017) appendix F, we take pCO 2 to be equivalent to global, annually averaged atmospheric CO 2 (ppm, parts per million or 10 -6 mol CO 2 per mol air, which we convert to micro-atmospheres with a 1 year lag) as a result of the exchange with the surface ocean. This equation was found to represent the relationship between pH and surface water pCO 2 for a range of temperatures (5°C-45°C).
Note that the formulation for global mean surface pH in equation (1) is used only for the simplified climate model, not for the 3D ocean model described in the next sub-section.
Regional acidification
The simplified climate model examines global average trends associated with fossil fuel emissions. We additionally sought to understand changes in regional patterns of surface seawater chemistry over time using the ocean component of the Community Earth System Model (CESM version 1.1.2_LENS) (Yeager et al 2018) . This 3D model is fully prognostic and allows regions of surface air-sea pCO 2 disequilibrium to arise naturally because of physical and biogeochemical forcing, as well as finite rates of air-sea gas exchange. In CESM, physical circulation is modeled using version 2 of the Parallel Ocean Program (POP) integrated at a nominal 1°horizontal resolution and 60 vertical levels (Danabasoglu et al 2011). The marine biogeochemistry module calculates lower trophic level plankton dynamics, the cycling of carbon, oxygen, and nutrients via the biological and solubility pumps, and air-sea gas exchange of trace gases including CO 2 (Long et al 2013, Moore et al 2013) . Seawater pH and saturation state are computed from prognostic model variables dissolved inorganic carbon, alkalinity, temperature, and salinity using a comprehensive package for seawater inorganic carbon equilibrium thermodynamics that accounts for the alkalinity contributions of nutrients and borate-boric acid buffering (Orr et al 2017) . Surface pH and carbonate saturation state from the 3D model are reported for the model in situ temperature.
The ocean-sea ice-marine biogeochemistry simulations used here were integrated in hindcast mode for the period 1850-2009 using prescribed, historical atmosphere conditions based on observational, reanalysis, and satellite data. The model end date of 2009 is set by the time span of version-2 of the CORE oceanice forcing data set. The model was first spun-up to an approximate pre-industrial steady-state for year 1850 followed by a transient simulation to 2009. The modeled years 1948-2009 used time-space varying atmosphere physical forcing and global mean surface CO 2 concentration matched to observations from those years. Because of data limitations, modern atmosphere physical forcing was used for the 1850-1948 time period, along with historical, ice-core derived atmospheric CO 2 .
We used the 3D ocean simulations to identify regional patterns of declining surface pH and aragonite saturation state. As shown in more detail below (figure 4, supplementary information figures 1 and 2), surface pH and saturation state decline everywhere in the global ocean in response rising atmospheric CO 2 . The simulations were used to identify five illustrative regions where moderate-to-large seawater chemistry changes are co-occurring with substantial socio-economic dependence on vulnerable marine ecosystems.
Because ocean acidification and its impacts are not uniformly distributed, we adapt the risk assessment framework introduced in the Intergovernmental Panel on Climate Change (IPCC) Special Report on Extreme Events (IPCC 2012) that defines loss and damage as both harm from observed impacts and projected risks (IPCC 2018a, Mechler et al 2019). Specifically, we identify and characterize several regions where resources are being exposed to moderate-tohigh levels of ocean acidification relative to the global average, and, human communities are substantially dependent on at-risk marine resources.
Our analysis builds upon previous assessments of ecological and socioeconomic vulnerability to ocean acidification and efforts to identify where research and social interventions can help limit risk and support . An emerging finding from the literature is that atmospheric CO 2 emissions must be greatly reduced to effectively limit risk (Gattuso et al 2018).
To characterize loss and damage from ocean acidification that has occurred in the five regions over historical (average 1850-1859 to average 2000-2009) and recent (average 1960-1969 to average of 2000-2009) periods, we examine the three major elements of risk resulting from climate-related hazards identified in the IPCC's SREX report (IPCC 2012): hazard, exposure, and vulnerability.
To examine the nature of the physical hazards themselves, we quantify the extent to which ocean acidification has occurred for the five regions using the regional patterns of surface ocean pH and aragonite saturation level change from the global simulations over these time periods. We draw from the literature to further consider how anthropogenic temperature change, natural ocean dynamics such as upwelling, and non-climatic, human-caused stressors (e.g. overfishing and nutrient pollution) can amplify the effects of ocean acidification on biological systems (figure 1).
We also draw upon existing literature and fisheries harvest databases maintained by the US National Oceanographic and Atmospheric Administration (NOAA) and the Food and Agriculture Organization of the United Nations (FAO) to identify biological systems of significant socioeconomic value. In doing so, we identify regions with initial indications of the types of human and biological systems that are exposed to ocean acidification and related climate stressors. These allow a first look at the potential adaptive capacity of the biological and socioeconomic systems to confront ocean acidification (figure 1).
Results
3.1. Atmospheric CO 2 and global ocean pH Total historical emissions from coal, oil, gas, and cement increase at a relatively low rate from the mid-1800s until the pace begins to increase rapidly in the mid-1900s (IPCC 2013). As expected, one of the most direct consequences of carbon emissions is the interaction with the carbon cycle, as measured by the growth rate in annual average atmospheric concentration of CO 2 , and after a year lag, the global surface ocean pH (see equation (1)). Accordingly, removing the annual emissions traced to the 88 largest industrial carbon producers from the production, refining, and end use of their products between 1880 and 2015 account for 60.8 (±4.4)% of the rise in atmospheric CO 2 (supplementary information figure 5 and table 3 ). When emissions tied to these carbon producers are removed from 1965 to 2015, these account for 56.5 (±3.6)% of the rise in atmospheric CO 2 over the 1880-2015 period (supplementary table 3). Uncertainty values, unless otherwise indicated, are based only on uncertainties from the fit of the simple global model that includes a range of sensitivity parameters and accounting for uncertainty arising from the lack of data on aerosol forcing traced to specific carbon producers (supplementary information). Other uncertainty sources are discussed at the end of this sub-section.
Model results show that, as a consequence, 55.3 (±2.0)% and 51.0 (±1.9)% of the decline in the surface ocean's pH between 1880 and 2015 can be traced to the 1880-2015 and 1965-2015 emissions, respectively, from these carbon producers (figure 2, supplementary table 4).
The IPCC Fifth Assessment Report highlights the 0.1 unit decrease in surface ocean pH or an increase in hydrogen ion concentration by more than 26% since pre-industrial times (IPCC 2013). Our calculations find that the largest carbon producers contribute to more than half of that change. Emissions over 1880-2015 and 1965-2015 traced to the 20 largest investor-owned and majority state-owned carbon producers alone have contributed 25.0 (±0.8)% and 22.7 (±0.7)%, respectively, of the calculated decline in the surface ocean's pH between 1880 and 2015 (using forcing described in figure 3) .
The relative contribution of atmospheric CO 2 rise from fossil fuel and industrial emissions versus deforestation and land-use emissions is not fully resolved. Le Quere et al (2018) find that land-use and deforestation fluxes contribute ∼31% of cumulative historical CO 2 emissions (1880-2017), with substantially larger uncertainties than fossil fuel emissions. This translates into uncertainties in the range of 10%-15% in attribution of fossil fuel emissions to changing surface ocean pH.
Regional acidification
Using the 3D ocean biogeochemical model to capture the regional variations in ocean acidification, we find that substantial surface pH declines occur in many regions (figures 1 and 2 and in the supplementary information). Elevated atmospheric CO 2 is the predominant driver of the modeled surface seawater chemistry signals, which are also modulated by seawater thermodynamics, background upwelling patterns, and time-evolving ocean physics, surface warming and biogeochemistry. These Smaller-scale regional signals, however, are less robust across different ocean models and should be interpreted with caution. These include the localized saturation state declines for the most recent time-period off Japan and eastern North America (e.g. the Gulf of Maine) in CESM that occur as a result of latitudinal shifts in the location of western boundary currents.
The model was used to identify five regions where moderate-to-large surface seawater chemistry changes are co-occurring with substantial socio-economic dependence on vulnerable marine ecosystems: the Coral Triangle; the Bering Sea and Gulf of Alaska; the Peru Current; the Arctic Ocean; and the California Current (figures 4 and 5). Note that because of the relatively coarse resolution (∼1°) used in the global simulation, small-scale details of the spatial patterns in figure 4 may not fully capture narrow features, such as intense near-shore coastal upwelling. Variations in the overall regional patterns displayed in figure 5 are more robust.
Beyond the direct hazard of decreased surface ocean pH and aragonite saturation levels, each region contains at least one ocean dynamic that increases the effects of changes in global atmospheric CO 2 levels (table 1; supplementary information). For example, the Gulf of Alaska's sensitivity to ocean acidification is increased by the upwelling of high-pCO 2 waters that are undersaturated with aragonite (Evans et al 2013).
Coastal upwelling also enhances the sensitivity to acidification in eastern boundary current systems off California and Peru (e.g. Hauri et al 2009), and some climate studies suggest that the intensity of eastern boundary current coastal upwelling may already be intensifying because of climate change (Sydeman et al 2014) . We further identify other stressors stemming from anthropogenic climate change and other human activity that may exacerbate the effects of increasing atmospheric CO 2 on ocean pH and aragonite saturation levels, such as tidewater glacial melt These regions also contain biological systems that are vulnerable to ocean acidification (tables 1 and 2) and important to local human communities. The exposure of these important biological systems thus exposes communities to loss and damage from ocean acidification, now or in the near future (tables 1 and 2). Each ecosystem or human community has different vulnerabilities to current impacts and risks of further harms, because of its own composition, strengths, and region and the food, livelihoods, and coastal protection that it affords supports more than 100 million people (Hoegh-Guldberg et al 2009). Consequently, communities within the Coral Triangle may be considered to be at relatively high risk of loss and damage due to ocean acidification coupled with other environmental threats to coral reef systems (Pendleton et al 2016) . Communities in each region have substantial, yet differing, dependence on marine harvests and coastal industries. California and Peru Currents have large annual fisheries landings and/or a large number of jobs from aquaculture. The Coral Triangle has substantially sized fisheries that depend on coral reefs.
Many residents of Coral Triangle nations depend on
fisheries and aquaculture for livelihoods and subsistence (table 2).
Discussion and conclusion
Over both historical and recent time periods, more than half of the global surface ocean acidification is attributable to the CO 2 emissions traced to the extraction, refining and combustion of fossil fuels and manufacturing of cement from the 88 largest carbon producers. Over equivalent time periods, the proportion of global 2000-2009 and from 1960-1969 to 2000-2009 . Regions correspond to the red boxes in figure 4 . Table 1 . Components of risk of loss and damage from ocean acidification in five, illustrative regions of the world: The regional ocean dynamics amplifying exposure to global changes in atmospheric CO 2 (stressors), the exposed biological system of importance and non-ocean acidification sources of biological vulnerability, and the socioeconomic systems exposed and the source of their vulnerability other than acidification from anthropogenic atmospheric CO 2 . Together with changes in surface ocean pH and aragonite saturation between 1850 and 2009 (climate-related hazards, figure 5), these elements result in the regions facing substantial loss and damage from ocean acidification. Anthropogenic, global ocean acidification and climate change resulting from human-caused increases in greenhouse gas emissions, and subsequently, atmospheric CO 2 and methane levels, is the background condition for each region. acidification attributed to these carbon producers is similar, albeit slightly less than, the proportion of atmospheric CO 2 attributable to them. This is because there is a close relationship (equation (1)) between atmospheric CO 2 levels and global surface ocean pH.
Of these 88 major carbon producers, 48 are investor-owned fossil fuel companies whose climate responsibilities are the focus of growing policy, legal and societal scrutiny. Emissions from majority stateowned and nationalized companies fall within the primary responsibilities of nation-states. Emissions traced to extraction, refining, marketing, and combustion of fossil fuels by these 48 investor-owned companies between 1965 and 2015 account for 15.5(±0.6)% of global ocean acidification over the total historical period. Historical evidence suggests that by the mid-1960s, fossil fuel companies were aware that unabated emissions from the continued use of their products posed substantial climate risks (Franta 2018). The ethical philosopher Henry Shue (2017) argues that, from this point on, companies had a responsibility to 'modify or substitute in order to stop contributing to harm. This is not complicated or controversial and is a widely shared social judgment.'
Global data provide a useful starting point for quantifying the contribution of the largest industrial carbon producers to ocean acidification, and in turn, considering what share of responsibility they may hold for its societal impacts. However, the non-uniform distribution of ocean acidification across marine regions suggests value in exploring regional-to-local impacts and risks, as some regions may face greater loss and damage from ocean acidification than others. In contrast to those previous studies that emphasized global and basin-scale changes, the regional analysis of the 3D ocean carbon presented here is guided by recent research that identifies regional components of risk of loss and damage from ocean acidification (table 1) . This synergy highlights paths forward for coupled natural and social science research. Further, such regional analyses may also help draw attention to synergies among multiple drivers of loss and damage from carbon producer-traced emissions, such as increased frequency and intensity of ocean heatwaves that induce coral bleaching events where coral recovery may be hampered by more acidic water (Hoegh-Guldberg et al 2017).
Regional-scale variables related to fisheries harvest may provide first-order proxies for socioeconomic vulnerability to ocean acidification. The Bering Sea and Gulf of Alaska, California Current, Coral Triangle, and Peru Current have substantial, high-value fisheries and fisheries-related jobs (tables 1 and 2). For example, the US states within the California Current region reported fisheries landings of 425 360 tonnes in 2016, supporting more than 40 000 jobs (table 2). The California Current also supports a coastal aquaculture system upon which more than 1500 jobs directly depend. In 2010, the shellfish aquaculture industry, a sector that is under direct threat from ocean acidification (Barton et al 2015) , generated an estimated $90.3 million of revenue in Washington State, $25.8 million in California, and $9.3 million in Oregon (Northern Economics 2013). Across the three states, this industry supported more than 1400 jobs during that time (Northern Economics 2013), often in rural areas where employment can be scarce. Within the Coral Triangle, the fisheries associated with the region's coral reefs in the region are worth nearly $3 billion a year (2007 figures, table 2) . The fisheries from the Peru Current yielded 6.7 million tonnes of landings in 2016 and supported more than 156 000 jobs.
Importantly, such economic proxies leave out key impacts on ecosystems and human communities facing loss and damage from ocean acidification. For example, the Arctic Ocean, which is experiencing rapid decreases in ocean pH, does not yet have significant economically valuable fisheries. Describing the likely impacts of ocean acidification on its ecosystems remains primarily in the qualitative realm (e.g. Mathis et al 2015a , AMAP 2018 .
Although variables related to fisheries harvest and coral reef coverage provide coarse proxies for ecosystem services and socioeconomic dependence on marine resources, important nuance is lost, somewhat limiting the socioeconomic conclusions that can be drawn. Furthermore, as we are not able to quantify the interaction between all ocean changes stemming from anthropogenic carbon emissions, we likely underestimate the full loss and damage to marine biodiversity and communities stemming from emissions traced to major industrial carbon producers. For example, ecosystem models incorporating the effects of ocean acidification and warming in the Puget Sound region show that different species and ecological communities experience varying levels of impacts under an acidifying ocean, because any predator/prey relationship changes caused by ocean change are also affected by behavior, fishing pressure, habitat availability, and more (e.g. Marshall et al 2017) . Similarly, simply projecting estimated changes in coral reef coverage or quantitative assessments of fisheries harvests also underestimate the social-ecological changes relevant for benefits to humans beyond economic revenue. Factors including cultural importance, livelihoods, changing locations of dominant ports, social opportunities to benefit from marine resources, and more could be substantially altered and currently run the risk of being dramatically undervalued.
By focusing solely on surface ocean pH (and carbonate mineral saturation state), this paper provides a conservative basis for assessing the contribution of emissions traced to major carbon producers to marine loss and damage. The impacts of acidification on marine ecosystems and human communities dependent upon them can be amplified by ocean warming and other climate-change stressors; further modeling of these compound stressors could quantify the contribution of carbon producer-traced emissions to these impacts.
Lags in the carbon cycle, such as the centuries-long lifetime of CO 2 within the ocean-atmosphere system and timescales of the ocean circulation system, mean that the impacts stemming from historical emissions have not fully been expressed; future loss and damage may in part be attributable to past emissions. But the extent and severity of future harms of ocean acidification and climate change on marine species and ecosystems, and the human communities dependent upon them, will be largely determined by the future course of further carbon emissions. In high-value fisheries such as those harvesting Alaska red king crab and Atlantic sea scallop, decreases associated with ocean acidification are projected to become apparent in the next 20-30 years, when effects exceed natural variation (Punt et al 2014 , Cooley et al 2015 , Rheuban et al 2018 . Further acidification is projected to alter temperate ecosystems' fishery yield and overall structure (Busch et al 2013 , Fay et al 2017 .
The results of this analysis contribute to a growing body of scientific literature that attributes specific climate impacts and damages to non-nation state entities. Furthermore, we take previous work that ties carbon emissions to the largest industrial carbon producers and attributes climate impacts to those emissions a step further, by beginning to demonstrate the potential associated losses and damages from ocean acidification. The regions examined here are disproportionately vulnerable to impacts of greenhouse gas emissions to date-a large portion of which originate from the world's largest carbon producers (Heede 2014 , Ekwurzel et al 2017 . This work also points to a new avenue of research-one that quantifies the ties between regional changes such as changes in surface ocean pH detected here to individual carbon sources. Such work would continue to advance considerations of responsibility for the changes, impacts, and risks and could be extended into a variety of climate domains-from changes in temperature to sea level rise.
